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Abstract 
The adsorption regularities of protamine sulfate and pectin on the surfaces from solution with different ionic strength  
were investigated in situ using quartz substrate via the quartz crystal microbalance technique. Both polymers were 
observed to absorb according to Langmuir’s adsorption isotherm. The value of Langmuir adsorption constant (k) is 
equal to 74,48 and 1,12 sm3/μg for pectin and protamine respectively. Maximum amount of biopolymer (A) 
adsorbed on resonator is 0,87 μg/sm2 for Pect and 0,57 μg/sm2 for PtS. Ultrathin (<100 nm) multilayer 
(protamine/pectin)8 LbL films were formed and adsorption kinetics of both polyions were studied. The rate constant 
of protamine and pectin adsorption are (3,9±0,9)⋅10-2 s-1 and (3,4±0,3)⋅10-2 s-1 respectively. It was shown, that film 
thickness increases  by 2.5 times with polymers concentration in solution increasing from 0.1 to 3.0 mg/ml.  
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1. Introduction 
At present  a lot of attention is given to the creation and research of ultrathin biopolymer films from 
proteins and natural polysaccharides (chitosan, alginate, carrageenan, pectin etc.). Such composite 
coverings possess a number of worth-while properties, such as biocompatibility, ability to biodegradation, 
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nontoxity, antiradical activity. These make them attractive for use in biotechnology, pharmaceutics and 
medicine [1]. 
One of the most accessible ways to form thin coverings on various surfaces is the Layer-by-Layer Self-
Assembly method (LbL) [2]. The advantage  of this method is formation of coverings with set properties: 
controlled structure, thickness, hydrophobicity, wettability, roughness and local pH [3].  
Recent studies [4-10] have shown that quartz crystal microbalance (QCM) method is widely used to 
obtain  important information about physicochemical properties of LbL films. QCM technique is very 
sensitive mass-measuring tool and allows to characterize the deposition process by monitoring in air and 
in liquid media.  
The data about adsorption regularities of protamine sulfate and polysaccharide pectin and properties of 
ultrathin multilayer protamine/pectin LbL-coatings obtained by QCM and AFM is described in this work. 
2. Experimental  
Protamine sulfate (PtS, Mw 5,000 g/mol) and pectin from citrus (Pect, Mw 140,000 g/mol), 
poly(ethylenimine) hydrochloride(PEI, Mw 140,000 g/mol), polystyrene sulfonate (PSS, Mw 140,000 
g/mol) were purchased from Sigma-Aldrich. All polyelectrolytes were used as received without further 
purification. 
The study of the adsorption patterns of protamine and pectin, and properties of their multilayer films 
was conducted by quartz chrystal microbalances technique (QCM) using QCM200 instrument ( Stanford 
Research Systems, USA) equipped with a liquid flow cell. Temperature in the experiments was 20±2°ɋ,  
pH of the solutions was 5.5. 
Adsorption of biopolymers on the surfaces of the films was studied in the concentration range from 
0.001 to 5.0 mg/ml of water and salt (0.5 M NaCl) solutions. Resonators were subject to pre-
hydrophilization in RCA solution. A liquid cell with a resonator inside  was filled with solvent, and then 
with solution of studied polysaccharide for 15 min, and then the cell was fed again with pure solvent. The 
changes in the oscillation frequency (ǻF) and resistance (ǻR) of the quartz resonator with time were 
recorded. 
The mass of the adsorbed substance (m) was calculated by Sauerbrey equation [2]:  
 
m = – ǻF/C          (1), 
 
where ɋ is the sensitivity factor for the crystal (56.6 Hz•μg-1•cm² for a 5 MHz quartz crystal at room 
temperature). When calculating the layers thickness (h), the density of the film material was assumed to 
be 1,2±0,1 g/cm3 [2]. 
The water content in the films was calculated as follows: 
 
W=(ǻFw-ǻFd)ǜ100/ǻFw         (2), 
 
where ǻFw, ǻFd – change in the oscillation frequency of the resonator with the adsorbed film in 
solution and in air respectively. 
The adsorption equilibrium constant (k) and the adsorption monolayer capacity (A) were determined 
graphically by plotting the adsorption isotherm in linear coordinates of the Langmuir equation with c/m = 
f(c): extrapolation of the ratio to the y-xis gives the interval of 1/(AK) and the slope of the curve — 1/A. 
Multilayer (protamine/pectin)n films were formed by alternating adsorption of the components on the 
gold surface of quartz resonator by the standard technique [5]. Polycation protamine sulfate was always 
adsorbed as the first layer. Adsorption of the components was carried out with intermediate rinsing of the 
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resonator with pure solvent., coatings with a determined number of bilayers were formed by alternating 
adsorption of protamine and pectin. 
The study of surface morphology of  (protamine/pectin)n films by atomic force microscopy (AFM) was 
performed on air in contact mode using a scanning probe microscope MultiMode Nanoscope III (Veeco, 
USA). Conditions of scan: speed of 3-5 Hz, a silicon nitride cantilever with a stiffness constant of 0.12 
N/m. Layers were formed on the surface of silicon plate from 3 mg/ml solutions of polymers, alternating 
their adsorption. Resulting films were dried on air during 24 h. The roughness value (Rms) was calculated 
using NanoScope software version 5.12.  
 
3. Results and discussion. 
Under the experimental conditions (pH 5.5, temperature 20±2°C) polysaccharide (pectin) 
macromolecules are negatively charged., a quartz resonator modified with a PEI/PSS/PEI sublayer with a 
surface having a positive charge was used to study the adsorption regularity of biopolymers..  
When adding pectin solution to the flow cell with a quartz resonator fixed in it, a sharp decrease in its 
oscillation frequency ΔF occurs (Fig. 1). With time (~1 to 3 min), the curve corresponding to pectin 
adsorption reaches a plateau, ie, ΔF reaches a constant value. At the same time, when the concentration of 
the biopolymer in the solution changes from 0.005 to 3.0 mg/ml, an increase in the maximum value of ΔF 
is observed. It is known [5, 11] that a change in the oscillation frequency of the resonator (ΔF) in 
solutions of biopolymers is depended on the adsorbed mass, density (ȡL) and viscosity (ƾL) liquid. While 
the change of the equivalent dynamic resistance (ΔR) of the resonator is proportional to (ȡLƾL)1/2. For a 
resonator in 3 mg/ml pectin solution, the value of ΔR is ~25 to 30 Ohms. When  pectin solution is 
displaced from the cell by solvent (water), the ΔR value decreases to ~3-4 Ohms. Therefore, to exclude 
the contribution of viscous component to the value of ΔR, the change in the resonator frequency with the 
adsorbed layer of pectin relative to pure solvent (water) was recorded. For solutions with concentrations 
ranging from 0.5 to 3.0 mg/ml, the value of ΔF reaches about ~50 Hz and remains practically unchanged 
at transition from solution to solution. That is, in the range of 0.5 to 3 mg/ml the maximum possible 
adsorption of macromolecules of pectin from its aqueous solutions is achieved. 
 
Fig. 1. — Change the oscillation frequency (a) and equivalent resistance (b) of the quartz resonator with time at adsorption at its 
PEI/PSS/PEI modified surface of pectin from 3 mg/ml aqueous solution. 
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Since the value of ΔR for a resonator with an adsorbed pectin layer does not exceed 4 Ohms, in order 
to estimate the mass of the adsorbed biopolymer the Sauerbrey equation was used. Since according to 
[12] the adsorbed mass calculated for viscoelastic thin layers considering the Voith-Kelvin model differs 
from the value calculated by Saurbrey by less than 10%. In addition, the authors [10] confirm the 
applicability of the Saurbrey equation for thin, under 100 nm, viscoelastic films. 
The experimental data of pectin adsorption are well-rectifiable in linear Langmuir coordinates (R2= 
0.99) in contrast to the linear Freundlich coordinates (R2= 0.80). This allows us to use the Langmuir 
model to describe the adsorption of this polymer from its aqueous solutions. The Langmuir adsorption 
constant (k) is equal to 74.48 cm³/mg, and the capacity (A) of the pectin adsorption monolayer is 0.87 
μg/cm² (Fig. 2). 
 
Fig 2. Adsorption isotherm of Pect on the quartz crystal surface modified with PEI/PSS/PEI layer 
 
It should be noted that pectin adsorption from 0.5 Ɇ NaCl solution on the surface of the resonator 
modified with PEI/PSS/PEI sublayer has a complex nature and don`t described by the Langmuir or 
Freundlich adsorption equation. 
To study the adsorption regularity of protamine sulfate, a quartz resonator with an unmodified gold 
surface was used. It should be noted that the calculations used the values of ΔF for a resonator with an 
adsorbed protein layer being in equilibrium with its solution. Adsorption of protamine sulfate on gold 
from up to 5 mg/ml solutions is also subject to  Langmuir monolayer adsorption (Fig. 3). Analysis of the 
data on protamine sulfate adsorption (table 1) showed that protein adsorption from 0.5 Ɇ NaCl solutions 
is characterized by a higher value of the Langmuir adsorption constant as compared with aqueous 
solutions, indicating a higher energy of protamine binding with the surface of gold in presence of low-
molecular electrolyte. 
 
Fig. 3. Adsorption isotherm of PtS on the gold of quartz crystal surface 
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The maximum capacity of adsorption protamine monolayer in the case of aqueous solutions PtS is 2 
times higher than the same indicator obtained in salt solutions. This is probably due to the change in the 
conformation of the protein molecule. Under the experimental conditions at ɪɇ<pI in aqueous solutions, 
the conformation of the globular macromolecule of protamine is affected by mutual repulsion of similarly 
charged groups, and solvent molecules loosen the protein polymer coils. This results in a loose water-
saturated adsorption layer of protamine. Introduction of low-molecular electrolyte to protamine sulfate 
solution results in screening of positively charged protein groups, i.e. suppression of chain unfolding, 
resulting in polymer macromolecules tending to acquire a more compact space form. 
Thus, during the adsorption of protamine sulfate from 0,5 Ɇ NaCl solutions the formation of a more 
dense monolayer is observed as compared to a monolayer of PtS adsorbed from aqueous solutions.  
Averaged thickness of the monolayer PtS is in equilibrium with its 3 mg/ml salt solution making 2 nm 
and correlates with  calculated value of the hydrodynamic diameter of protein (2.3 nm). And the thickness 
of the adsorbed monolayer of protamine sulfate being in equilibrium with its 3 mg/ml aqueous solution is 
~4 nm. It should be noted that with subsequent rinsing of the resonator with excess solvent, ǻF decreases 
in 2 times. This is due to partial desorption of the protein macromolecules from the resonator surface. 
The averaged thickness of the monolayer Pect is 6 and 7 nm for aqueous and 0.5 M NaCl solutions 
accordingly (table 1). Thus, the ionic strength increase in solution has no significant effect on the 
thickness of the adsorbed layer Pect. This may be due to the hydrophobic nature of the biopolymer (for 10 
galacturonic acid residues, 7 hydrophobic methoxy groups and only 3 carboxy groups fall). 
 
Table 1 The Langmuir constants for PtS and Pect 
Biopolymer Surface 
ɇ2Ɉ 0,5 Ɇ NaCl 
A k h, nm A k h, nm 
PtS Ⱥu 0,56 1,12 4 0,27 6,09 2 
Pect Ⱥu/ PEI/PSS/PEI 0,9 74,48 6 – – 7 
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When forming multilayer (protamine/pectin)8 films, polyelectrolytes were adsorbed from aqueous 
solutions of 0.1, 1.5, 3.0 mg/ml. 
The model offered in [13] was used to describe the obtained data about kinetic regularities of 
polyelectrolyte adsorption from their solutions. The kinetic equation is: 
ln{(Ft – Fmax)/(F0 – Fmax)}= – t/Ĳ        (3), 
where Ĳ is the reciprocal of the speed constant (kads) of pseudo-first order (Ĳ=1/kads), t is time of 
adsorption; F0, Ft, Fmax is the resonator oscillation frequency initial, at the time (t) and of saturation 
respectively. 
Figure 4 shows the relation ln{(Ft – Fmax)/(F0 – Fmax)}=f(t) for pectin adsorption. As the figure shows, 
only at the initial part of relation (t= 0÷30 s) the experimental points fit a straight line (R2§ 0,98), i.e. 
obey the equation (3). In this case, kads can be determined graphically as the slope of the line, which is 
also numerically equal to the slope of the linear regression equation. Similarly, the speed constant of 
protamine adsorption was measured. 
 
Fig. 4 The kinetic curve of pectin adsorption in sublayer (PtS/Pect)5/PtS in semi-logarithmic coordinates. 
For different adsorption cycles, the values of kads are (3.4±0.3)⋅10-2 s-1 and (3.9±0.9)⋅10-2 s-1 for PtS and 
for Pect respectively. Thus, the speed of protamine and pectin adsorption from their solutions on  quartz 
resonator surface does not significantly depend on the number of pre-adsorbed bilayers. Previously [14] 
we have demonstrated that the speed of protamine sulfate adsorption from 0,5 M NaCl solutions does not 
also depend of the nature of pre-formed polyelectrolyte sublayer. 
In water solutions with increase in number of adsorption cycles for the (PtS/Pect)8 film from 1 up to 8 
growth of value ΔF is observed that indicates to increase in weight of the adsorbed material (Fig. 5). With 
increase of solution concentration (from 0.1 to 3.0 mg/ml) the layers with greater thickness (~2 times) are 
formed (table 2).  
 
Fig. 5 - The relation of ǻF shifts from the number of PtS/Pect bilayers with alternating adsorption from their 1.5 mg/ml solutions 
with varying ionic strength. 
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The larger value of thickness of films obtained in the flow cell is probably due to an excess (up to 40% 
wt.) water content in them. Which appears to be associated with the formation of water-saturated layers of 
weak polyelectrolyte pectin 
 
Table 2 Thickness of bilayers in water and in air. 
 
c, mg/ml thickness of bilayers, nm in water in air 
3,0 2,4±0,3 2,2±0,4 
1,5 2,7±0,2 1,8±0,5 
0,1-0,3 1,3±0,2 0,8±0,2 
 
The plot of the frecuency shift (ΔF) versus resistance shift (ΔR) (Fig. 6) was used  to characterize the 
nature of the adsorbed biopolymer film (elastic or viscoelastic). For rigid films (pure elastic mass effect) 
the ǻR value and hence the slope (ΔF/ΔR) is zero. For a purely viscous system (newtonian liquid, for 
example 0-25 % sucrose solution) a plot of ΔF versus ΔR are linear and resulted in a slope (ΔF/ΔR) of 2.3 
Hz/Ohms (fig. 6). 
The values of ΔF/ΔR are 18 and 13 Hz/Ohm for (PtS/Pect)n films obtained from aqueous solutions of 
0.1 and 1.5 mg/ml, respectively (fig. 6). That is, with increasing concentrations of biopolymers (from 0.1 
to 3.0 mg/ml) the formation of coatings with more pronounced viscoelastic properties is observed. It 
should be noted that for the films obtained by alternating adsorption from 3 mg/ml solutions, the relation 
ΔF-ΔR is not linear which may be due to change in the structure of the film The formation of coatings 
with viscoelastic properties is characteristic for weak polyelectrolytes and related to the interdiffusion of 
polymer chains into the inner volume of the film, which is accompanied by an increase in surface 
roughness of coatings, exponentially film growth [3]. However, in our case the dependence of ΔF from n 
is linear (Fig. 5). 
 
 
Fig. 6 — Dependence of the ǻF shifts from ΔR shifts of the quartz resonator modified in adsorption of PtS/Pect from solutions of 
various concentrations: 1 — 0.1 mg/ml; 2 — 1.5 mg/ml; 3 — 3 mg/ml; 4 - Newtonian liquid (sucrose solution) 
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Multilayers (PtS/Pect)4 are characterized by high grain surface with Rms ~28nm (Fig. 7a). As the 
number of bilayers increases to 8, the formation of aggregation with height of about 40 nm is observed  
(Fig. 7b). It should be noted that the films (PtS/Pect)3/PtS with the top layer of protamine are 
characterized by a smooth surface with Rms not exceeding 2 nm. According to QCM-data, “wet” 
multilayer (PtS/Pect)8 films obtained in flow cell are thicker than dry ones (table 2), probably due to an 
excess (up to 40% wt.) water content in them. Which appears to be associated with the formation of 
water-saturated layers of weak polyelectrolyte pectin 
 
 
Fig. 7 AFM image of the morphology of the (protamine/pectin)n films: a) n=4, b) n=10. 
The increase in ionic strength of the solution has significant impact on the adsorption of the 
components in formation of protamine/pectin films (Fig. 5). In fact, after the formation of the first bilayer,  
alternating adsorption of components is terminated, and it is impossible to produce a multilayer coating. 
Macromolecules of highly esterificated pectin contain a small amount of carboxyl groups capable of 
dissociation, besides, adding a low-molecular electrolyte results in the screening of polyanion charge. As 
a result, at adsorption of pectin to protamine sulfatem, a film of PtS/Pect is formed with a fully 
compensated charge, making  further LbL-assembly of components from the solution impossible. 
 
4. Conclusion 
Adsorption of protamine sulfate and pectin on the surface of quartz resonator obeys  Langmuir 
equation and is determined by the peculiarities of the structure of these biopolymers.  Coatings with 
predetermined properties such as hardness, water content and thickness can be formed using obtained 
data. 
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